Purpose: This study sought to determine whether isolated third, fourth and sixth cranial nerve palsies (NPs) are associated with increased short-and long-term risk of a subsequent stroke. Methods: This was a nationwide retrospective propensity score-matched cohort study. A cohort of patients with NP (n = 466) and a randomly selected, propensity-matched control cohort (n = 2281) were extracted from the Korean national insurance claim database. Subjects were tracked for 5 years total, subdivided into periods of 0-1 years, 1-3 years and 3-5 years. We assessed the risk of stroke using hazard ratios (HRs) and confidence intervals (CIs) after adjustments using Cox regression at different time intervals. Results: The median follow-up was 3.1 years. Stroke developed in 18.9% of the NP cohort and 7.5% of the control cohort. Stroke risk after NP was highest in the first year [14.7 per 100 person-year at 0-1 years (HR = 6.6), 3.1 per 100 person-year at 1-3 years (HR = 1.6) and 4.3 per 100 person-year at 3-5 years (HR = 2.8)]. Each type of NP was also associated with stroke risk: within 0-1 years, stroke risk was increased in third (HR = 7.6), fourth (HR = 6.0) and sixth (HR = 5. 84) NPs. In the 3-to 5-year period, risk was increased in sixth (HR = 4.7) and fourth (HR = 3.3) NPs, but not third (HR = 0.6) NPs. Conclusion: Patients in the NP cohort were more likely to have a stroke than those in the matched control cohort; the increased risk was both time-and cranial nerve-dependent.
Introduction
Isolated third, fourth and sixth cranial NPs in adults cause strabismus and acute diplopia, and warrant immediate neuro-ophthalmological evaluation to find their aetiology, accompanying neurologic signs, involvement of multiple cranial nerves or any association with potential intracranial lesion. Patients with isolated ocular motor NPs usually have atherosclerotic risk factors such as old age, diabetes mellitus, hypertension and hyperlipidemia (Richards et al. 1992; Patel et al. 2004; Tamhankar et al. 2013) . Stroke is defined as brain cell death induced by poor blood flow; stroke shares common risk factors and pathophysiology with isolated ocular motor NPs. A subsequent stroke after isolated ocular motor NPs can occur, or vice versa. Furthermore, stroke is the third leading cause of premature mortality worldwide (World Health Organization 2014) .
Ocular motor abnormalities following stroke occurs in 10% of patients, and abnormal eye movement is common in cerebrovascular disease (Pedersen & Troost 1981; Rowe 2011) . Isolated ocular motor NPs can be the only or the predominant neurological manifestation in acute brain stem stroke (Green et al. 1964; Kim et al. 1993; Murakami et al. 1994 ). Although stroke is not an important cause of isolated ocular motor NPs, (Rucker 1958 (Rucker , 1966 hospital-based or population-based crosssectional studies have begun to evaluate the association between stroke and ocular motor abnormalities (Pollak et al. 2005; Jerath et al. 2011; Rowe 2011) . However, large-sample, longitudinal studies of patients with isolated ocular motor NPs, or those that assessed the subsequent risk of stroke following each type of ocular motor NPs, have not been conducted. This cohort study was performed to investigate the risk for subsequent stroke e656 after the first diagnosis of ocular motor NPs, and to compare the risk for stroke related to each ocular motor NP in the short term and long term using a representative nationwide sample of 1 025 340 adults from the National Health Insurance Service (NHIS)-National Sample Cohort 2002 -2013 (NHIS-NSC 2002 -2013 in South Korea.
Materials and Methods

Ethics
This retrospective study was approved by our institutional review board and waived for informed consent.
Database
Most (~97%) Korean residents except those under Medical Care for Patriots and the Veterans Affairs Scheme (~3%) have consented to join the Korean NHIS. All information on procedures, examinations or drugs within health insurance-related claims is gathered and centralized by NHIS. The NHIS generated the national representative 1 025 340 samples, the NHIS-NSC 2002-2013, using a systematic sampling method. Stratified random sampling was performed using 1476 strata by age (18 groups), sex (2 groups) and income level (41 groups), among a Korean population of 46 million in 2002. All medical claims from January 2002 to December 2013 were included.
Study sample
We included patients with ocular motor NP who were diagnosed with NP from 2004 to 2013, and for whom NP was first diagnosed after the age of 40 years. These patients were considered to be new cases of NP (n = 466). Patients were excluded if they had any of the following conditions: potential chronic conditions; a visit to an ophthalmologist or neurologist that included a diagnosis of any form of NP in 2002 and 2003; preexisting We excluded subjects with a higher level diagnosis code of KCD H49, corresponding to the ICD-9-CM, 378.5 paralytic strabismus, in favour of specifying each NP rather than a broad diagnosis. The most significant complication of aneurysmal surgery is ischaemic stroke (Arias et al. 2014) . To ensure isolated NPs, patients with multiple ocular motor NPs were excluded. Patients with isolated cranial NPs might have preexisting intracranial causes such as neoplasm or aneurysm (Tamhankar et al. 2013) ; therefore, exclusion criteria included any neoplasm in the brain or central nervous system, meningitis, cerebral aneurysm, subdural or subarachnoid haemorrhages, or embolization of a cerebral aneurysm in the 6 months prior to NP diagnosis (Table S1 ). Stroke was defined by a diagnosis of stroke (KCD code I60-I63, corresponding to ICD-9-CM code 430-434, cerebrovascular disease) (Rim et al. 2015 (Rim et al. , 2016 .
Sociodemographic factors and comor bidities
Sociodemographic factors, including age, sex, residence and household income, were evaluated. Comorbidities such as hypertension, diabetes mellitus and atrial fibrillation diagnosed based on the KCD were also analysed.
Statistical analysis
We selected the control cohort based on propensity score matching. Logistic regression was performed using any NP occurrence as an outcome variable, and other sociodemographic factors including age, sex, residential area, household income and year of enrolment as dependent variables. An 8?1 digit greedy matching algorithm (Parsons 2004) was then used to identify a unique matched control for each NP patient according to the propensity score. Follow-up began at the first date of NP diagnosis, or at a randomly selected visitation date in the matchedyear for the control cohort. Follow-up ended at the last visit date with a maximum 5-year follow-up for subjects without stroke, or the first date of stroke diagnosis. The proportional hazards assumption was assessed by a Cox model with Schoenfeld residuals, and estimates showed a time-dependent effect of third NP in association with the risk of stroke (v 2 = 10.2, p < 0.01). Therefore, this association was further evaluated using a Gray piecewise constant time-varying coefficients model (Kasal et al. 2004) . This model does not assume time-invariant effects of the exposure and accounts for differences in exposure time. The total follow-up duration was divided into three periods: 0-1 years, 1-3 years and 3-5 years. Hazard ratios (HRs) and 95% CIs for predictive value of NP and each predictive value of third, fourth and sixth NPs for stroke were calculated in each interval. The overall stroke-free survival was described using a Kaplan-Meier curve for the up to 5-year follow-up period. Even though the proportional hazards hypothesis is violated for third NP during the 5-year follow-up, we hypothesized a constant proportional hazard for 5 years and conducted a stratified analysis using 5-year stroke-free survival. Subgroup analysis assessed whether the association between NP and stroke was observed for subjects with comorbidities including hypertension and diabetes and subjects without these comorbidities, as well as for age subgroup (<65 years; ≥65 years) and sex. The number of atrial fibrillations (~5%) was too small to evaluate for subgroup analysis. A significance level of 0.05 was selected. All statistical analysis was performed using SAS System for Windows, version 9.4 (SAS Institute Inc., Cary, NC, USA), and Stata/MP, version 14.0 (StataCorp, College Station, TX, USA).
Results
The median follow-up was 3.1 years. A total of 466 patients with any NP, including 158 patients with third NP, 118 patients with fourth NP and 190 patients with sixth NP, were eligible (Table 1) . Overall, patients with NP were more likely to have stroke than e657 those in the control cohort (18.9% in NP cohort, 7.5% in control cohort, p < 0.01). Hypertension and diabetes mellitus were more common in the NP cohort than in the control cohort, while atrial fibrillation occurred similarly between the two cohorts. No significant differences for the other variables, including the year of enrolment, age, sex, residential area and household income, were detected between the two cohorts (Table S2) . Table 2 provides the incidence and risk of stroke occurrence in patients with each NP compared to patients without NP, in all the chosen time intervals. A total of 8187 person-years, including 1162 person-years for the NP cohort and 7025 person-years for the control cohort, were examined. In the control cohort during the up to 5-year follow-up, and each follow-up time interval, the stroke incidence was similar at approximately 2/100 personyears (all 1.9 at 0-5 years; 2.1 at 0-1 years; 2.0 at 1-3 years; and 1.6 at 3-5 years). In the 'all NP' cohort, the risk was highest during the first year. The stroke incidence per 100 personyears was 14.7 in the first 1 year (HR = 6.6, 95% CI, 4.4-10.1); 3.1 between 1 year and 3 years (HR = 1.6, 95% CI, 0.9-2.8); and 4.3 between 3 years and 5 years (HR = 2.8, 95% CI, 1.3-5.7). When we look at the specific types of NP, third (HR = 7.6) and fourth NP (HR = 6.0) were associated with increased risk of stroke in the first year, but not after that year. However, the risk of stroke following sixth NP was significantly increased for all periods (HR = 5.8 in the first year; HR = 2.0 between 1 year and 3 years; and HR = 4.7 between 3 years and 5 years). When we plotted the KaplanMeier survival curves for the first year (Fig. 1A) , a fast-falling survival curve from the beginning of the study period was identified for patients with all types of NPs. However, stroke occurred more frequently in the third NP cohort than in the fourth or sixth NP cohorts, as shown in Table 2 (HR = 7.6 for third, 6.0 for fourth NP and 5.8 for sixth NP, p < 0.01 for trend). Interestingly, the stroke risk was elevated for sixth NP over 5 years, while the risk following the third or fourth NPs was not as clearly elevated in the later periods (Fig. 1B and Table 2 ). Figure 2 displays the risk of stroke following NP in a subgroup of matched patients for a 5-year survival period. The increased risk of stroke with patients with NP was consistent across all subgroups. NP increased the risk of stroke with a greater effect size (~HR) compared to the control cohort in a younger age group of <65 years (HR = 4.2) than it did in the older age group of ≥65 years (HR = 3.3). In subgroup analysis by sex, the effect size for the development of stroke after NP diagnosis in males was larger than that in females. The HRs for occurrence of subsequent stroke after NP were greater in subjects without comorbidities, such as hypertension or diabetes, than in subjects with these comorbidities, due to the very low incidence of stroke among subjects without hypertension (0.5 per 100 person-years) or diabetes mellitus (1.1 per 100 personyears).
Discussion
We found that patients with isolated ocular motor NPs showed higher prospective risk for stroke development compared to the control cohort, and the risk of stroke following third, fourth and sixth NPs showed differing patterns according to time. The risk of stroke after sixth NP did not lessen with time, whereas the risk reduced with time following third and fourth NPs.
Results from previous studies have shown that sixth NP is the most common ocular motor NP and had the highest incidence of ocular motor NPs (Park et al. 2008; Tamhankar et al. 2013) . Therefore, patients with neurologically isolated sixth NP in the presence of risk factors should be observed without extensive evaluation, unless the NP progresses or fails to resolve. A large proportion of neurologically isolated sixth NP is due to a presumed microvascular aetiology, so prompt neuroimaging studies are usually not necessary (Patel et al. 2004 ). However, none of the above studies determined the risk of stroke. Although we could not determine whether other accompanying neurologic signs are present or specify the aetiology, our findings have implications, to help improve recognition and awareness of the significance of stroke risk after isolated ocular motor NPs.
We found that sixth NP was the most common ocular motor NP (Table 1) , which was in consistence with the results of a previous large study (Tamhankar et al. 2013) . The relatively common occurrence of sixth NP may be related to exposure of the sixth nerve to a greater number of arteries along its pathway (Rowe 2011) . The sixth nerve enters subarachnoid space at lower pons and travels up to Dorello's canal at the level of midbrain. During its course through subarachnoid space, the sixth nerve is supplied by more numerous feeder vessels than the third and fourth nerves.
The HRs of subsequent stroke after isolated ocular motor NPs were greater in male than in female patients, and greater in younger than in older adults (Fig. 2) . The incidence of stroke in subjects aged 40-64 years with NP was 4.4/100 person-years, relatively greater than that for younger subjects without NP (1.0/100 person-years; Fig. 2) . Therefore, similar to the case for older adults, NP in younger adults also may require caution regarding the risk of stroke development in the future. Notably, males with isolated ocular motor NPs in the present study had a greater chance of stroke development. One possible explanation for this phenomenon is that Korean men are more likely to be exposed to stroke risk factors, such as alcohol consumption and smoking (Wannamethee et al. 1995; Hankey 1999; Reynolds et al. 2003) . We found that the HRs for stroke without hypertension or diabetes were greater than those for hypertension or diabetes. New-onset ocular motor NPs in patients without these comorbidities might have underlying conditions, such as embolisms, coagulopathies or carotid artery stenosis, which predisposes the patients to stroke. Therefore, the physician should recommend work-ups to search for potential causes leading to NPs when faced with those patients without hypertension or diabetes. The 1-year risk of subsequent stroke is higher in isolated third NP than in fourth or sixth NPs (Table 2) . One possible explanation is that acute brain stem stroke can present with isolated oculomotor palsy, and because the third nucleus is larger than the others, it is more prone to ischaemic injury (Bergeron et al. 1979; Breen et al. 1991) . Also, stroke occurred in the early periods in all ocular motor NPs, as noted in Fig. 1A . This finding suggests that comprehensive neurologic examination and prompt management is necessary to identify the possible factors inducing ischaemic injury to the brain. The earliest possible initiation of prompt management, such as antihypertensive or anticoagulation therapy, for susceptible subjects with cardiovascular risk factors might be critical, given the high risk of stroke in the early period. Although it might seem counterintuitive, incidence of cerebral infarction was high within the year following third NP, but the risk Incidence rate per 100 person-years. The analysis included 2747 subjects (466 any NP cases and 2281 control cohort). The estimates were adjusted for sociodemographic factors and comorbidities and presented as adjusted HRs. CI = confidence interval, HR = hazard ratio, NP = nerve palsy. diminished less as time went on. Despite different conditions, retinal vein occlusion has been shown to have a timedependent trend towards continuously higher risk of stroke (Rim et al. 2015) , whereas incidence of stroke has been shown to increase more rapidly after onset of retinal artery occlusion (Rim et al. 2016) . Other studies have shown that the risk of stroke before and after occurrence of retinal artery occlusion is greater than in other periods (Park et al. 2015) . Our data suggest that the temporal change in the risk of stroke after third NP is characteristically parallel to that after retinal artery occlusion; that is, the risk appears to be the highest immediately after third NP, and not after fourth or sixth NP. The HR of stroke development after fourth NP was lowest among all ocular motor NPs. The fourth cranial nerve is the only one that exists at the dorsal aspect of the brain stem, and has the longest intracranial course. The exit level at the anterior medullary velum is located in proximity to the tentorium, which is an extension of the dura mater that separates the cerebellum from the inferior portion of the occipital lobes. A counter-coup injury is transmitted to the brain stem, where the fourth cranial nerve is vulnerable to pressure applied by the free tentorial edge at the dorsal aspect of the lower midbrain. Therefore, isolated fourth NP can occur frequently after trauma. Previous studies also reported that traumatic aetiology is a common cause of fourth cranial NP (Rucker 1966; Rush & Younge 1981) . In addition, patients with congenital fourth cranial NP sometimes become decompensated with increasing age, and presented with acute diplopia as they become older. Therefore, either aetiology of fourth NP or decompensation of congenital aetiology can be traumatic, even if they are diagnosed with NP after the age of 40 years. Moreover, patients with sagging eye syndrome can be misdiagnosed as having third or fourth NP, although sagging eye syndrome has been recently recognized as a mechanical strabismus in elderly patients. These patients may have a lower risk of stroke, because they may have no risk factors.
Strength and limitations
The main strength of the present study is in its comparison of the predictive value of third, fourth and sixth NPs for stroke, and its basis on a largesampled, long-term cohort. Nevertheless, a claim-based study has several limitations, including (i) possible lack of consistency in defining ocular motor NPs and stroke; (ii) the possibility of underestimation of NP and stroke due to culling of the insurance data based on a hospital visit; (iii) the possibility of differences in the medical environment between South Korea and other countries, rendering the generalizability of the study questionable; (iv) the inability to assess the severity of NP or stroke from the database; and (v) the inability to assess the important confounding factors such as smoking or alcohol consumption.
The validity of the stroke diagnostic code was mentioned in our previous study using NHIS -NSC 2002 -NSC -2010 . Briefly, the accuracy rate of stroke diagnosis using KCD was higher than 80% (Rim et al. 2015 (Rim et al. , 2016 . Although our definition may not have been accurate enough to calculate reliable stroke prevalence or incidence rates, it was accurate enough for evaluating the difference in incidences between the NP and comparison groups in this study. Unfortunately, there was no previous report about the validity of KCD for NPs; however, a previous study using a claim database in Taiwan produced relatively high positive predictive values of 98.6%, 97.7% and 98.1% for third, fourth and sixth NPs, respectively (Tamhankar et al. 2013) . Fig. 2 . Incidence of and risk for stroke in patients with any ocular motor NP. The increased risk of stroke with any of the analysed NPs was consistent across all subgroups. In subgroup analysis by age or sex, the effect size for the development of subsequent stroke after NP diagnosis in younger adults or males was larger than that in older adults or females, respectively. NP = nerve palsy.
To increase the validity of defining NP, we first excluded any pre-existing NPs in 2002 and 2003. Therefore, chronic conditions were excluded. Second, specific diagnostic codes for each type of NP were included, and superior hierarchical diagnostic codes for NP or other types of NP were excluded (e.g. in 2002, among total 204 any NP patients (KCD H49.x), only 30 third (14.7%), 18 fourth (8.8%) and 23 sixth (11.3%) NP patients were included). Third, we excluded many preexisting conditions (e.g., brain neoplasm or embolization procedures) which might be the cause for NPs occurring in the 6 months prior to NP diagnosis. Therefore, we believe that our NP definition offers high specificity. Our study is limited by the lack of clinical information, such as pupil dilation in third NP or the location of stroke. Further studies evaluating these associations based on disease severity via detailed clinical information from a hospital-based setting may be necessary. Fourth, to enrol all possible cases of NP, we included NP cases throughout the entire study period of 2002-2013. Therefore, subjects who enrolled in the later portion of the study period could not fulfil the 5-year followup. However, we matched the enrolment years between the two cohorts, so that the follow-up periods were similar between groups. Overall, the inclusion of late-period enrollees generated a relatively short median follow-up period of 3.1 years. In addition, the number of haemorrhagic strokes was too small to allow analysis of their association with NP, and therefore, the subgroup for such strokes could not be evaluated. Patients who did not visit a hospital may have been excluded in our study because we used insurance data.
Patients who were diagnosed with isolated third, fourth or sixth NPs were more likely to develop subsequent stroke than their sociodemographically matched peers. Patients with third NP had increased risks for subsequent stroke in the early periods, while the cumulative risk of stroke was highest in sixth NP through the up to 5-year follow-up period. Unlike the third and fourth NPs, the risk of stroke was not lessened with time in patients with sixth NP. Table S1 . Excluded conditions at 6 months before nerve palsy diagnosis. Table S2 . Additional demographic characteristics of the study population: control cohort (n = 2281) and nerve palsy cohort (n = 466).
